Performing quantitative small animal positron emission tomography (qµPET) with arterial input function was considered technically challenging. Here, we introduce a catheterization procedure which keeps a rat physiologically stable for 1.5 months. We demonstrated the feasibility of qµPET by performing repeated 
INTRODUCTION
A number of small animal models have been developed that simulate many of the important hallmarks of human brain diseases. Although the first report of qµPET to monitor the cMR glc changes in a rat model of brain injury appeared in 2000 (1) , there has been rare use of qµPET with experimental models over the intervening years.
Cannulation of a rat is not difficult. The challenges associated with repeated surgeries to obtain arterial blood samples have most likely impeded routine use of the method.
Although image-derived input function (IDIF) appears to be an attractive alternative to arterial sampling, IDIF is reliable only in selected situations and selected tracers (2) . In the case of 18 F-FDG qµPET, one of the major concerns was the different 18 F-FDG concentrations in plasma and in whole blood due to a slow erythrocyte 18 F-FDG transport rate in rodent's blood (3, 4) . Therefore, arterial plasma samples remain the gold standard for input function and cMR glc quantification in rats (5) .
To ease blood sampling and reduce blood loss of small animals, we developed an automated microfluidic device which allows us take discrete, serial blood samples (< 1µℓ per sample) with little human effort (6) . However, blood coagulation took place frequently in catheter when the time interval between two serial blood samples was long (e.g. >10 minutes). In this work, we developed a surgical procedure which eases radiotracer injection and arterial blood sampling. We conducted a proof-of-principle study to demonstrate the feasibility of performing multiple-time-point qµPET using the new methods we developed. Our ultimate goal was to use 18 F-FDG qµPET as a measuring tool to monitor the time-course of cMR glc changes in rats. We planned this study in such a way so that the impact of isoflurane anesthesia on cMR glc was also evaluated.
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MATERIALS AND METHODS

Surgical procedure of preparing a rat with prolonged indwelling catheter
All animal experiments were conducted in compliance with the animal care and use program established by the Animal Research Committee at Fu-Jen Laboratory Animal Center. Sprague-Dawley rats (~250 g) were ordered from BioLASCO Taiwan and kept in a sterilized environment at our institute's vivarium until the day of surgery.
Each rat underwent one aseptic surgery with bilateral catheterizations on the right femoral artery and the left femoral vein (7). We used a 4cm 2Fr polyurethane tube (Instech Laboratories, Inc., USA) glued to a 3cm 0.037"x0.023" Micro-Renathane® tube (Braintree Scientific, Inc., USA) for arterial and a 6 cm 2Fr polyurethane tube for venous catheterizations, respectively. For the best result, the total length (i.e. 4cm) of the 2Fr polyurethane tube should be inserted into the femoral artery toward the aorta and secured with sutures (silk, 4-0). Both catheters were filled with 0.1 mℓ heparinized glycerol (500IU/mℓ glycerol) then plugged and sealed with a polyethylene micro injection-port (Instech Laboratories, Inc., USA). The catheters and the injection-ports were then placed under the skins and the incisions were closed with metal wound clips (EZ clip kit; Stoelting Co. USA). The patency of both subcutaneous cannulas was maintained by replacing flesh heparinized glycerol once a week. day within a month in a preclinical PET facility. Two qµPETs were scheduled in each morning, one rat undergoing a conscious study and the other rat with an unconscious study. The PET facility was remote (~30 miles) from our institute's vivarium where the by on October 21, 2017. For personal use only. jnm.snmjournals.org Downloaded from rats were operated and housed. The facility had a combined PET and computed tomography (CT) small animal scanner (eXplore Vista DR, GE Healthcare, USA) which provided services to the entire hospital community. If a study failed, we were not allowed to request a delay or reschedule until the following month. Two Sprague Dawley rats (~250g) were ordered and underwent the surgical procedures a week before the 1st qµPET (i.e. on the 1 st day of the month). In every two-consecutive-morning (e.g. on the 8 th and 9 th days), a rat had a conscious study in the first morning and an unconscious study in the following morning, vice versa for the other rat, resulting in a total of six studies per rat.
Schedule of the proof-of-principle study
Procedures of
18
F-FDG qµPET
Acquiring PET images with a conscious rat was difficult. We therefore performed qµPET using a procedure adopted from 14 C-deoxyglucose methodology (8, 9) . The qµPET procedure involved a 40-minute blood sampling procedure followed by a brain scan. Blood sampling procedures were the same for the unconscious and the conscious study, except that the animal was anesthetized with 2% isoflurane for the former and was staying in a restrainer for the latter. To prepare a rat for intravenous injection and arterial blood sampling, two external adaptors were established in advance (Fig. 1) .
The arterial adaptor (total inner volume < 15µℓ) was made with a 5cm 0.037"x0.023" tube, one end connected to a 22G 1cm metal tube (Instech Laboratories, Inc., USA) and the other end connected to an injection-port. The venous adaptor (total inner volume <10µℓ) was made with a 5cm 2Fr polyurethane tube, one end with a 25G metal tube and the other end with an injection-port. The adaptors were socked with 75% alcohol solution, dried, rinsed and filled with heparinized saline (25 IU/mℓ).
by on October 21, 2017. For personal use only. jnm.snmjournals.org Downloaded from Although the conscious study was always arranged as the 2 nd qµPET of the day, we did the rat preparation (~10 minutes) for the conscious study first so that the rat (i.e. the 2 nd rat) would have enough time (>45 minutes) to recover from the impact of isoflurane anesthesia. This rat was first anesthetized under 2% isoflurane, a 23G sharp needle was used to poke two holes through the abdominal skin above the cannulas. The metal-tube-end of each external adaptor was then guided through the skin hole and inserted into subcutaneous injection-port. The arterial adaptor was then connected to the transducer of a blood pressure monitor to confirm the blood patency. The monitor was then removed and the rat was wrapped loosely with a plastic mesh. A plastic brush with stiff filaments was inserted into the front end of the mesh (i.e. the restrainer) without touching the nose of the animal. The tail of the rat was secured on the table with tapes. Normally, the rat woke up in few minutes after the removal of anesthetics; struggled a few seconds than stayed calm in the restrainer.
Preparation work for the unconscious study was the same except that the animal (i.e. the 1 st rat) remained under 2% isoflurane anesthesia when we started the blood sampling procedure without a restrainer. A drop of arterial blood was collected first for blood glucose measurement (mg/dℓ) using a glucose meter (FreeStyle; Abbott Diabetes Care Inc., USA). The arterial external adaptor was then connected to a microfluidic blood sampler (6) . Seventy-four MBq 18 F-FDG (< 0.1 mℓ) was injected manually in 2 seconds through the venous adaptor, followed by a saline push (~0.1 mℓ). was acquired under 2% isoflurane anesthesia followed by a 10 minutes CT scan. The blood sampling procedure for the conscious rat was started immediately after the 1 st rat was put on the PET/CT scanner. The rats were returned to the cages after the PET/CT scans.
Derivation of input functions
In an independent rat study, we programmed the microfluidic blood sampler to draw 8 large (~80µℓ/sample in 4 seconds) blood samples in addition to the small (0.6µℓ) blood samples. The large blood samples were taken at 20s, 60s, 120s, 300s, 600s, 900s, 2100s, 3600s post-FDG-injection. The large blood samples were centrifuged and the eight plasma to whole blood (WB) radioactivity ratios (R FDG (t)) were calculated. The input function (C * p (t)) was then derived using Eq. 1.
Eq. 1 C * WB (t) were the 15 whole blood concentrations (MBq/mℓ) obtained during the qµPET.
The converted plasma curves were extrapolated to 40 minutes by fitting the data of last three time points.
Ideally, the blood sampling procedure with R FDG (t) derivation should be performed at each qµPET. Unfortunately, the PET facility did not equip with a centrifuge. Therefore, during the three-week study period, we carried out only one qµPET which had 8 additional large blood samples. From these 8 ratios, we constructed a general function of R FDG (t) and applied this function to all of the 12 studies.
Definition of brain regions
PET images were reconstructed using the algorithms of filtered back-projection (FBP) and the ordered subset expectation maximization, respectively. We aligned all the six sets of CT images of each rat into one orientation manually (AMIDE 1.0.5).
The parameters of the rigid co-registrations were then applied to the corresponding PET images so that all the PET images of the same rat were aligned. The regions-of-interest (ROIs) were defined on the co-registered, CT and the ordered subset expectation maximization fused images. Two symmetrical ROIs (1.7 x 4 x 4 mm) were manually-drawn on the left and right parietal cortices, respectively.
Calculations of regional cMR glc
The cMR glc (µmol/100g/min) were calculated using an operational equation (Eq.
2) with the inclusion of a k * 4 (9) . The k * 4 was included to account for the limited PET resolution and tissue heterogeneity.
The symbol  denoted the operation of convolution. The rate constants (K Fig. 1 shows some snapshots how we prepared a rat with prolonged indwelling catheter. Once the subcutaneous cannulas were in place, the blood samples can be withdrawn and the radiotracer can be injected easily through the external arterial and venous adaptor, respectively.
RESULTS
Stability of a rat with prolonged catheter
The animals were inspected daily by observing their behaviors and appearances.
The rats behaved normal throughout the study period. Fig. 2 shows the recordings of their body weights and the blood pressures, respectively. Both rats kept steady growth before and after the six qµPETs. Because the transducer of the blood-pressure monitor was connected to the arterial external adaptor, the serial tube connections between the cannula and the monitor made pressure readings fluctuated and lower than those measured directly at the cannulas. Nevertheless, the diastolic and systolic signals confirmed that blood patency was maintained in both rats until the day of being euthanized (i.e. one month after the last qµPET).
Feasibility of performing repeated qµPET
Without delay, we completed 12 18 F-FDG qµPETs within six mornings. In every occasion, the rat recovered from the anesthetics of imaging and walked with four feet within ten minutes after the PET/CT scan. The photographs shown in Figs. 3 and 4 were taken from the qµPET of an unconscious and a conscious study, respectively.
Except for the PET/CT imaging, all the procedures were handled by the two persons from our team. We confirmed a 100% successful rate of the 18 
F-FDG injections by
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Necessity of a plasma input function
The cMR glc obtained from the repeated qµPET
The cMR glc differences between the left and right parietal brain regions are within 5%. The variations (e.g. the coefficient of variance) among the 3 repeated cMR glc measurements of each rat are less than 11% and less than 15% for the conscious and unconscious brains, respectively. µmol/100g/min; n=6) were suppressed more than 50% if the animals were under the influence of 2% isoflurane anesthesia.
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DISCUSSION
Quantification using qµPET requires an input function in addition to the tissue images. Taking discrete, serial blood samples, however, was often complicated by blood coagulation. The conventional method to minimize blood coagulation involves the alternated steps of blood-drawing and heparin-flush between two serial samples. In consequence, the animal suffered from hemodynamic instabilities and the data collected were not reliable (14) . For a while, we had prepared rats that carried externalized catheters for repeated studies (7). In our experience, protection of an externalized catheter was difficult in rodents. Skin infections were often noticed.
Although an IDIF method is a good alternative for repeated PET measurements, the method requires an animal be anesthetized to acquire a set of dynamic images (15) .
PET findings obtained from an anesthetized animal may not represent the physiology of a conscious brain (16) .
In this study, we used subcutaneous cannulas that allowed us inject radiotracers and take blood samples repeatedly from a rat without second surgery. The major reason we could keep the blood patency of a catheterized rat so well was the usages of injection-ports to seal the subcutaneous catheters. As shown in Fig. 4B , one can make connection to the blood stream of a rat easily by punctuating the skin using a metal tube or a syringe. After the tube or the needle was withdrawn, the subcutaneous catheter was sealed immediately. It eases the operations of blood-drawing and heparin-flush during the blood sampling procedure. As to the animals, the skin punctuations caused minimal stress and skin healed quickly. Keeping a catheterized rat for repeated qµPET was not difficult either. We maintained the subcutaneous cannulas
by replacing the heparinized glycerol (500IU/mℓ) in catheters once a week. Good blood patency was kept and the rat grew steadily for 1.5 months (Fig. 2) . Validation of a prolonged catheter for a longer time period still needs to be done.
Integration of qµPET with an automated, micro-volumetric blood sampling technique contributed another factor to our success (Figs. 3 and 4A) . The accuracy and precision of the microfluidic results have been validated in mice (6) and in rats (unpublished data). The micro-volumetric blood changes keep the animal in minimal stress. The total blood loss was <250µℓ for each qµPET. This amount of blood loss was mainly due to the deliberate, excessive disposals of dead-space fluid (i.e. heparinized blood in catheters) so that real-time, circulated whole blood samples were collected. The microfluidic device is low cost, easy to fabricate and flexible in automation (17, 18) . Related microfluidic devices with additional functionalities, such as plasma separation or real-time blood counting, have been developed (19, 20) . Using rats with prolonged catheters, these new devices can certainly facilitate more frequent use of qµPET. Potentially, the techniques of prolonged catheterization can be applied to mice. Our experience showed that keeping patency in femoral arteries of mice for one month is not difficult. Cannulation of a femoral vein however was rather challenging.
Ideally, brain studies should be carried out in freely-moving, unanesthetized animals. Routine imaging a conscious rodent is currently out of reach. Therefore, we adopted the approach of 14 C-deoxyglucose autoradiography to study a conscious brain (Fig. 4A) (8) . In six mornings, we completed successfully 12 18 F-FDG qµPET with two rats. The cMR glc measured by qµPET are comparable to those reported by the There were some limitations that affected the outcomes of cMR glc of this study.
Ideally, a plasma:WB conversion curve (R FDG (t)) should be generated for each 18 F-FDG qµPET to derive an input function. Like others, we carried out only one study which had 8 large blood samples to derive a general conversion curve (i.e. Eq. 3) due to the reason mentioned earlier (Materials and Methods). Although Eq. 3 might not reliably account for the FDG transportation rate of each rat in every occasion, the shape of this plasma:WB conversion curve was similar to the population conversion curves derived by others (4, 6) . In fact, the withdrawals of additional 8 large blood samples did not substantially increase the blood loss of an animal (e.g. 5% vs. 1% of the total blood volume). The blood loss (<10%) in each case was considered minor and the animal appeared asymptomatic (14) . An individual conversion curve can be generated if an in-house centrifuge or an in-house PET scanner is available. In the current study, the rate constants used in the operational equation were obtained from the PET studies of 8 normal rats (unpublished data). If the proposed method is applied to a disease state, a new set of rate constants should be evaluated to account for the possible physiological changes.
Other factors that might have caused the variations among our repeated cMR glc measurements included the readings of blood glucose concentrations (i.e. C p in Eq. 2).
We used a pocket-size glucose meter at the PET facility. The readings might not be as reproducible as those measured by a standard glucose analyzer. Furthermore, it was suggested that the subject fasts 4 hours in advance for the optimal cerebral 18 F-FDG uptake to avoid influence of enlarged serum glucose level (21) . We did not fast the animals because it was difficult to control their diets in a remote PET facility. The
CONCLUSION
We developed and implemented methods that overcome the difficulties in performing qµPET. We demonstrated the feasibility of repeated qµPETs by performing a proof-of-principle study at a remote PET facility. We verified that 18 F-FDG can be a reliable tool to monitor the cMR glc of a rat over time. This study suggests that repeated qµPET imaging with arterial input functions can be used extensively to study biology, to monitor disease intervention and to establish pharmacokinetics for new drugs. by on October 21, 2017. For personal use only. jnm.snmjournals.org Downloaded from
